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@ Analysis using neutrons. 

@ Apparatus for detecting tiie presence of a target elennent within an analysis region comprises neutron 
source(s) and gamma ray detectors. Counts accumulated for each detector are recorded and a best fit 
concentration profDe computed on the t>asis of a selection of variables fewer in numt>er than the 
number of gamma ray detectors used. 
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Th inv ntion relates to an apparatus for carrying out analysis using n utrons and in particular t an ap- 
paratusf r detecting the pres nee fatargetelem ntann ngst material within an analysis region. An indication 
is provided in th v ntthatth concentration of th target I meni xceedsapred tenmined I v I. 

The apparatus finds application in the detection of explosives in luggage in, for xample, an airport security 

5 system. For this, the analysis region is adapted to receive a container such as luggage, a package or the like. 
It is known that explosives generally contain a higher amount of nitrogen than normal objects to be found 
in luggage. There have been a number of proposals for detecting explosives in luggage by apparatus which 
subjects the luggage to irradiation with neutrons and detects the emitted gamma rays which are characteristic 
of those emitted by nitrogen atoms which capture neutrons. 

10 In, for example, 6B 1 392 169 and GB 2 217 009, an imaging approach is adopted in which the configur- 

ation of neutron sources and detectors of gannma rays together with the output signal processing equipment 
are set up to provide an indk^ation of the spacial profile of nitrogen concentratk)n within the item of luggage 
under examination. Relatively small regions exhibiting high nitrogen concentration are indicath^e of the pres- 
ence of explosive within the luggage. 

15 The problem with thte approach is that, to secure the necessary resolutk)n for the imaging, a large number 
of detectors, a number of sources and/or long counting times are required. There are possibilities for trade- 
offs between these requirements. Thus it is possible to compensate to some extent for a reduced number of 
detectors by increasing the counting times or to compensate for a reduced number of sources by increasing 
the number of detectors or the counting time, and so on. There are obviously practical limits and the pressure, » " 

20 particularly for airport security systems, is for the counting time to be as short as possible whi 1st the number 
of sources and detectors needs to t>e kept to a minimum to reduce cost and, so far as sources are concerned, 
to minimise the radiation screening requirements. 

These problems are exacert>ated by the difficulty in using detect k>n of nitrogen for indicating the presence 
of explosive which arises because certain standard items in luggage such as clothing, may have nitrogen con- 

25 tents which are not significantly less than the nitrogen content of the explosive. 

GB patent specification 2 235 766 describes an approach to these problems based upon an optimum 
source-detector distance and a symmetry in the source/detector array whteh enables meaningful results to 
be derived from the total sum of accumulated counts from all of the detectors. 

With that arrangement, however, we have found that it remains diffrcult to reconcile the conflicting require- 

30 ments of a reasonably low false alarm rate with a low rate of failure to detect presence of explosive. 

Our patent specif k^ation number (Agents Ref: 14927 LgH) having the same filing date as the present ap- 
plication describes a conf iguratbn of sources and detectors, and a method of configuring the source/detector 
array, which makes possible an improvement in the resolution of these conflicting requirements. 

The present invention is based upon the appreciation that further improvements towards the same ot>- 

35 jective can be achieved by provkling in the apparatus analysis means for a particular form of processing of 
the counts of detected gamma rays. 

The invention provides apparatus for detecting the presence of a target element amongst materials within 
an analysis regk)n and for providing an indicatbn in the event that the concentration of sakJ element exceeds 
a pre-determined level, the element being such as produces a characteristte gamma ray when irradiated with 

40 neutrons, which apparatus comprises an array of at least one source of neutrons and a plurality of gamma 
ray detectors posit k>ned so that material in the analysis region is subjected to irradiation with neutrons and 
the detectors receive resultant gamma rays, analysts means comprising means for accumulating counts at 
each detector respectively of detected gamma rays having an energy corresponding to that characteristic of 
the said element, processing means for automatically processing the set of accumulated counts from each 

45 detector to calculate a concentration profile of the element across a plurality of volume cells into which the 
analysis region is notk>nally divided, which concentration profile is a best fit for the accumulated count data, 
the calculation being constrained to allow variation in a selection from the large number of variables required 
to define the location and elerrient concentration level for each volume cell, which selection comprises a nunr>- 
ber of variables less than the total number of detectors, and means, such as a display, an alarm, an indicator 

50 or a security mechanism, responsive to one or more features of the best fit profile thus calculated. 

With this approach, it is possible notionalty to divide the analysis region into a plurality of volume cells the 
number of which is greater, or very substantially greater, than the number of detectors. TTie size of the volume 
cell is convent ntly chosen t correspond with the typical siz of bject containing th targ telem nt which it 
isd sired to det ct 

55 Wh n searching for a bomb in luggag , for xampi , th size of th v lum cell is chos n to match the 
typical siz xpected for such a bomb. 

W hav found that effectiv results are achiev d with an apparatus having twelve detectors if th selec- 
tk)nofvariabl sis based up n an assumed averag concentrati nl vel in all but on v lum cell, so that th re 
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are three variables for the best fit calculation, namely, 

1) thelocati nofth saicfon v lum cell; 

2) the el ment concentrati n I vel th rein, and 

3) the magnitud of assumed av rage concentration I v I in all the oth r volum cells. 

5 It will be appreciated, however, that other selections may be chosen. For example, an apparatus having twelve 
detectors would support a calculation invoh^lng more than three variables. The difficulties mount as the number 
of variables is increased. It would be practicable for example for the calculation to search for a best fit in which 
there are five variables so as to allow for the magnitude (3) of the assumed average element concentration 
level in all the other volume cells to be split into two. For this, the two volume cell groups would have to be 
10 pre-defined, such as comprising the left half and right half of the analysis region. 

To provide for still further refinement of the analysis if required, said analysis means comprises further 
automatic processing nrieans for comparing the accumulated count for each detector with a nnean count pre- 
determined by a calibration for that detector in a large sample of normal luggage, and for identifying the de- 
tector for which the deviation from the said mean count of the said accumulated count most exceeds the sten- 
ts dard deviation for that detector derived from the calibration measurements in the sample of normal luggage. 
According to a further aspect of the present invention, operator controlled means is provided for pre-se- 
lecting a specific volume cell within the analysis region and for causing the said processing means to compute 
the concentration level within the pre-selected vdun^e cell which, together with a calculated average concen- 
tration level in all other vdurfie cells, is a best fit for the accumulated count data. » " 
20 Where the analysis is to be applied to a container such as luggage, a package or the like, the analysis 
regk)n is adapted to receive such container. 

Preferably, the apparatus is combined with a conventk>nal X-ray apparatus for providing an X-ray image 
of the container under examination. Conveniently this is carried out at a closely posittoned locatk>n and the 
container nrwved from the X-ray apparatus to the neutron interrogatton apparatus. The operator controlling 
25 the latter is provided at his console with a display of the X-ray image which he can use, if desired, to provide 
to the neutron interrogatbn apparatus the required input for pre-selecting a specif ic volume cell Identified from 
the X-ray image as being suspicious. 

A specific construction of apparatus emt>odying the invention will now be described by way of example 
and with reference to the drawings filed herewith in whk:h> 
30 Figure 1 is a sectional plan view of an analysis region of an apparatus for examination of suitcases. 
Figure 2 is a sectional end view of the analysis region. 
Figure 3 is a sectional side view of the analysis region. 

Figure 4 shows diagrammaticalty a notional division into volume cells of the analysis regbn of the appa- 
ratus of Figures 1 to 3, 

35 Figure 5 is similar to Figure 4 but shows the region occupied by a standard size suitcase, and 

Figure 6 is a diagranrunatic representatk>n in block form of signal processing and display components. 
The principle on which the apparatus operates using thermal neutrons and the detectk>n of 10.83 MeV 
nitrogen gamma rays arising from the ^^N(n,Y) reaction is known and described, for example, in GB 2 235 766. 
The drawings filed herewith and the following description have therefore been limited to the essential parts 
40 of the apparatus which are key to understanding and putting into effect the present invent k)n. 

Referring to Figures 1 to 3. the analysis regk)n is provkied by a detection cavity 11 on each skJe of which 
is an array of ^^^Qf neutron sources SI, S2, S3, S4 and sodium iodide gamma ray scintillation detectors D1, 
D2, D3. D4, D5. D6. D7, D8, D9, D10. D11. D12. Detectors D10 and D11 are not visible in Figures 1 to 3, being 
obscured by other detectors. The cavity is surrounded by graphite or low density polythene 12, which acts as 
45 a moderator and assists to some extent in the processes by which fast neutrons emitted by the source are 
thermalised and become available within the cavity 11 for capture raactksns. Cylindrical recesses within the 
graphite or low density polythene 12 are provided to receive the sources S1..S4 and detectors D1..D12. The 
recesses containing the sources are lined with a cylindrical lead cap to shield the detectors from gamma rays 
emitted by the source. The recesses for the detectors are lined with boron sheet to limit the direct passage of 
50 neutrons from the sources into the detectors in which react k)ns may otherwise occur and interfere with the 
desired detection of gamma rays emanating from the cavity 11. 

An outer layer of bk)logical shielding is provided by boron loaded polythene internally lined with a layer of 
low density polyth ne, referenced respectively 13 and 14. 

Th significance and charact risticsofth source/d tector arrays as sh wn are discuss din more d tail 
55 in our co-p nding applicati n No. (Agents Ref: 14927 LgH) filed on the same day as th pros nt applicati n. 
Figure 4 illustrates h w th d t ctbn cavity which. In this exampi . has dimensions 90 cm x 60 cm x 32 
cm, is n tionally divide into 256 volume cells forming an 8 x 8 x 4 array. Figure 5 shows by shading th regi n 
of 6 X 6 X 4 of thes c lis occupi d by a typical standard suitcas . 
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As illustrated in Figure 6, signals from th d tectors D1...D 12 are detected and processed In a conventional 
manner and counts accumulated for each detector for event s'corresponding to nitrog n ganuna rays. Position 
sensors provid anindicati noftti siz and location of luggag positi ned in the cavity 11. The detect r/count 
data and position data are fed to a comput r in which analysis is performed as d scrit>ed below and an ap- 

5 propriate operator display generated. 

Our co-pending application No. (Agents Reference 14927 LgH) describes how the apparatus is well adapt- 
ed for operation with the simplest form of analysis in which the sum of counts from all 12 detectors is used 
as the measurement value. The method requires neither correction for background in the detectors nor infor- 
mation about the position and dimensions of the suitcase. The method Is robust and relatively insensitive to 

10 reductions in counting period. However, the total count method Is limited by the inability to distinguish between 
a small region of high nitrogen density (as in an explosive) and a targe region of lower nitrogen density (as 
may be present in clothing). 

To overcome this limitation, data from the detectors, coupled with information which identifies the location 
and dimensions of the suitcase under examination, are analysed in a way which provides a degree of "nitrogen 

15 Imaging" whilst avoiding the need to Invoke the highly complex procedures and equipment required for con- 
ventional Image analysis. In particular, it is possible to produce an approximated Image at an apparent reso- 
lution corresponding to notional divebn of the suitcase into a number of volume cells which very substantially 
exceeds the number of detectors. In this example there are 256 volume cells and 12 detectors, the volume 
cell dimensions being chosen to correspond to the anticip^ed dimensions of a typical bomb. 

20 In accordance with this method, the assumptnn is made thatthere is a fixed, relatively k>w, level of nitrogen 
concentration In all of the notional volume cells within the suitcase except one in which it Is assumed there is 
a higher level of nitrogen concentration due to the presence of explosive material in that volume cell. 

On the basis of these assumptions, the count in any one of the detectors will be the sum of the counts 
expected at that detector due to a uniform nitrogen concentratton level in each volume cell together with the 

25 background and the count due to the one volume cell containing the higher concentration level of nitrogen. 
This modB\ has three variables namely the uniform concentration level of nitrogen, the concentration level of 
nitrogen in the volume cell containing explosive and the location of the latter volume cell. 

The analytical approach is to discover values for these three unknowns whk^h best fit the matrix of detec- 
tor/count information provided by the apparatus. Having reduced the analysis to this form, it is a relatively 

30 straightforward and conventional matter to programme the computer to discover the best frt solution. The re- 
quirement is to find values of the three unknowns which result in a minimum in the sum for all detectors of the 
difference between the measured detector count and the count predk:ted for that detector by the selected val- 
ues of the three unknowns in the model. Expressed mathen^atically, the objective is to minimise V where 



The approach is to programme the computer to execute a standard least squares fit for the two nitrogen 

40 concentration unknowns for each volume cell location. The t>est fit is then chosen by selecting the locatk)n of 
volume cell which minimises V subject to this corresponding with a positive value of nitrogen concentration 
in the volunr^e cell suspected of containing explosive. 

It will be appreciated that, in using this method, a cell will be identified as containing an excess nitrogen 
concentration level even although the suitcase does not contain any explosive. This Is because the assumption 

45 of u niform distribution of nitrogen Is not an accurate representation of a normal suitcase. However, If explosive 
Is present, this analytical approach will generate a larger distinction between a suitcase containing explosive 
from one which does not than the total count approach. A threshold level can thus be set for triggering alarm 
and the alarm trigger displayed to the operator can include an indication of the volume cell within the suitcase 
where the explosive is suspected. 

so This analytical approach thus provides a significant advance on the total count approach, t>ut has the ad- 
ditional advantage that it is capable of providing a very significant advance in detection efficiency if the system 
is combined with an X-ray detection system. 

Arrangements for providing more than on typ ofanalysis of luggage hav b n described as, for xanrv- 
pl ,inGB2217009. Howev r, the approach th r was to us th n utron analysis equipm nt for a preliminary 

55 sere n and to pass n to X-ray analysis those it ms f luggage which appeared suspect from the neutron ana- 
lysis. 

If this approach is rev rs d and an X-ray imag tak n first, th n an operator may d termine from the X- 
ray imag that a particular regi n f the suitcase Is suspect The operator can input information as to the lo- 
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cati n of this v lum cell to th comput r, whereup n It Is possibi to carry ut the least squares fit for only 
two variables, th location of the volume cell now b ingfix d. As a consequence, the estlnuit from the ana- 
lysis of the I vel of nitrogen concentration in th suspect volume cell, if xplosive is pres nt in that cell, will 
b much more accurat so that detection limits are v ry significantly improved. 

Where it is not possible or practicable to provide operator information as to the location of a suspect volume 
cell, a further analysis technique may be employed as an adjunct to that described above. 

This further analysis technique, referred to as the most anomalous detector technique, relies upon the fact 
that explosive near a detector is likely to give a much mots anomalous reading for that detector than for the 
other detectors. 

For this approach, the computer is programmed to calculate the difference between the count in each de- 
tector from the average overall detectors and indicate the maximum value of this difference. However, in order 
to provide a sensible threshold for triggering an alarm, it is necessary to refine the approach sonnewhat and 
provide a calibration. Accordingly, data from a large set of examinations of 'normal' luggage containing no 
explosive is used to derive a mean detector count Df*^ for each detector, together with the corresponding 
standard deviations a^. The computer is then programmed to derive a value A where 



J=l. . .12 



Once again, with this form of analysis, the results are very sensitive to changes in source size and counting 
times. Corrections also have to be applied for suitcase position and dimensions. 

The invention is not restricted to the details of the foregoing examples. Thus, in the example the best fit 
calculation is based upon three variables. With twelve detectors it is possible to allow for more variables, in 
theory up to any number less than twelve, in practice, the number of variables allowed in the best fit calculation 
should be less than about one-half, preferably one-quarter of the number of detectors. 

Reference is made to the use of low density polythene for moderation and biological shielding purposes. 
High density polythene can be used instead, and with advantage, provided care is taken to ensure that the 
material used does not contain excessive voids. 

Whilst apparatus for detecting nitrogen concentration is described for checking luggage for presence of 
explosive material, it will be appreciated that the apparatus is adaptable for other applications, such as sorting 
material streams, e.g. ores, where there is a requirement to identify the location of a component or regk)n hav- 
ing a concentration of the target element above a pre-determined limit 



Claims 

1. Apparatus for detecting the presence of a target element amongst materials within an analysis region (11 ) 
and for providing an indication in the event that the concentration of saki element exceeds a pre-deter- 
mined level, the element being such as produces a characteristic gamma ray when irradiated with neu- 
trons, which apparatus comprises an array of at least one source of neutrons (S1 , S2, S3. S4) and a plur- 
ality of gamma ray detectors (D1, D2, D3, D4, D5, D6, D7, D8. D9, DID, D11, D11, D12) positioned so 
that material in the analysis region (11) is subjected to irradiation with neutrons and the detectors (D1, 
D2, D3, D4, D5, D6. D7, D8, D9, D10, D11, D12) receive resultant gamma rays, analysis means comprising 
means for accumulating counts at each detector respectively of detected gamma rays having an energy 
corresponding to that characteristic of the said element, characterised by processing means for automat- 
ically processing the set of accumulated counts from each detector (D1 , D2, D3, D4, D5, D6, D7, D8, D9, 
D10, D11, D12) to calculate a concentration profile of the element across a plurality of volume cells into 
which the analysis region (11) is notionally divided, whrch concentration profile is a best fit for the accu- 
mulated count data, the calculation being constrained to allow variation in a selectk>n from the large nunrv 
berofvarial>les required to define the location and I m ntconcentratton level for each volum c II, which 
s 1 ction comprises a number of variables less than th total number f detectors, and means, such as 
a display, an alarm, an indicator or a s curity mechanism, responsive to one r niore features of the t)est 
fit profile thus calculated. 

2. Apparatus as claimed in Claim 1, furth r characterised in that the said processing means is arranged 
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noti nally to divide th analysis regi n into a plurality of volume cells th number of which is great r than 
the number of detectors. 

3. Apparatus as claimed in Claim 2, further charact rised in that the said number is such that th size of 
each volume cell corresponds with the size of object containing the target element which it is desired to 
detect 

4. Apparatus as claimed in Claim 3 for searching for a bomb in luggage, further characterised in that the 
said numt)er is such that the size of the volume cell corresponds to the typical size expected for a bomb 
concealed in luggage. 

5. Apparatus as claimed in any of the preceding claims further characterised in that the said selection com- 
prises a number of variables less than half the total number of detectors. 

6. Apparatus as claimed in Claim 5 in which there are more than sbc detectors and characterised in that the 
selection of variables is based upon an assumed average concentration level in all but one volume cell, 
so that there are three variat>les for the t>est fit calculation comprising respectively the location of the said 
one volume cell, the element concentration level therein, and the magnitude of assumed average con- 
centration level in all the other volume cells. 

7. Apparatus as claimed in Claim 6 in which there are twelve or more detectors. 

8. Apparatus as claimed in any one of the preceding ClainDs, further characterised in that said analysis 
means comprises further automatic processing means for comparing the accumulated count for each de- 
tector (D1, D2. D3, 04, D5. D6, D7, D8, D9, D10, D11, D12) with a mean count pre-determined by a cal- 
ibration for that detector (D1, D2, D3, 04, 05. 06, 07, 08, 09, 010, 011, 012) in a large sample of nornDal 
luggage, and for identifying the detector (01, 02, 03, 04, 05, 06, 07, 08, 09, 01 0, Oil, 012) for which 
the deviation from the said mean count of the said accumulated count most exceeds the standard devia- 
tion for that detector (01, 02, 03, 04. 05, 06, 07, 08. 09, 010, Oil, 012) derived from the calibration 
measurements in the sample of normal luggage. 

9. Apparatus as claimed in any one of the preceding Claims, further characterised in that operator controlled 
rfteans is provided for pre-selecting a specific volume cell within the analysis region (11) and for causing 
the said processing means to compute the concentration level within the pre- selected volume cell which, 
together with a calculated average concentration level in all other volume cells, is a t>est fit for the accu- 
mulated count data. 

1 0. Apparatus as claimed in any one of the preceding Claims combined with a conventional X-ray apparatus 
for providing an X-ray image of an article under examination. 

11. Apparatus as claimed In Gaim 10, further characterised in that a display console is positioned and con- 
nected so as to provide an operator with an X-ray image which he can use when controlling the analysis 
means of the neutron interrogation apparatus. 
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Fig.6. 
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